Introduction
============

Over the past several years, data from human trials testing the efficacy of anti-amyloid β (anti-Aβ) immunotherapies and intravenous immunoglobulin in symptomatic Alzheimer's disease (AD) patients have been disappointing, although this is perhaps not unexpected. Yet despite these clinical setbacks, development and clinical testing of immunotherapies for AD remain the most active areas of both clinical and pre-clinical development \[[@B1]\]. For over a decade, the main target of immunotherapies has been Aβ, but in the past few years anti-tau immunotherapies have emerged and are rapidly advancing to the clinic. Despite the huge investments, both in therapeutic development and clinical testing, there remain many fundamental gaps in our knowledge regarding how immunotherapies for AD work and how to optimize them \[[@B2]\]. In this review, I address some of these gaps in our knowledge and discuss how filling them in will likely result in therapeutics more likely to have significant clinical efficacy.

Is brain exposure the key?
==========================

The issue of how a small amount of anti-Aβ monoclonal antibody (mAb) present in the brain following peripheral dosing can have a therapeutic effect on plaque pathology has posed a dilemma for the field. It is well established that steady state central nervous system (CNS) levels of a peripherally administered anti-Aβ mAb are approximately 0.1% of the levels found in the plasma \[[@B3]-[@B5]\]. Although it remains remotely plausible that anti-Aβ therapy promotes efflux of Aβ or an Aβ aggregate from the brain to the plasma via a peripheral sink \[[@B6]\], a growing body of evidence suggests that mAb exposure in the brain is critical for efficacy \[[@B2]\]. If this proves to be the case, then increasing total mAb CNS exposure can have a huge positive impact on efficacy. Indeed, given a set of anti-Aβ mAbs with similar pharmacokinetic properties, one would predict that those that can be dosed at higher levels would be more efficacious. Alternatively, efforts to increase brain uptake (for example, by hijacking transferrin or insulin receptor-mediated transcytosis machinery \[[@B7],[@B8]\]) might also be worth the extensive antibody engineering required to achieve modest, but nevertheless significant, increases in brain exposure \[[@B5]\]. In support of this concept, two preclinical studies, one testing mAb infusion via mini pumps into the ventricles and another testing the effects of direct transgenic expression in the brain of an anti-Aβ mAb, both demonstrate enhanced efficacy relative to peripheral mAb administration \[[@B9],[@B10]\]. Although some in the field remain skeptical about a central mechanism of action of anti-Aβ antibodies in the brain, there are numerous examples of peripherally produced natural antibodies that cause neurological syndromes by targeting a CNS protein \[[@B11],[@B12]\]. Thus, for remaining skeptics I would simply state that if a peripherally produced antibody can cause CNS disease, then a peripherally injected antibody that targets a pathologic target should also be capable of having a therapeutic effect.

A more general review of the literature reveals that there is a paucity of data regarding antibody exposure in the CNS. Based on findings that centrally administered antibodies are rapidly exported to the periphery, it nevertheless appears likely that there is cycling of the mAb between the CNS and plasma compartments \[[@B3]-[@B5]\]. Thus, the 0.1% of antibody should not be viewed as in a static steady state, but rather a dynamic equilibrium in which the mAb rapidly enters the brain and subsequently is rapidly exported from the brain. As shown in Figure [1](#F1){ref-type="fig"}, if the cycling time is rapid (for example, 1 hour) one can estimate that CNS exposures of a human therapeutic dose of anti-Aβ could influence Aβ through stoichiometric binding. Given the limited data available, it would seem that a renewed effort to understand mAb efflux from the brain is warranted. If mAb cycling times are fast and the influx and efflux mechanisms are distinct, it may be possible to increase CNS mAb exposure by identifying and then manipulating these mechanisms. Alternatively, perhaps we should collectively consider direct infusion of the mAb into the brain \[[@B9]\]. Indeed, given the costs of mAb production and the amounts required in current trials (typically 2 to 3 g per patient), direct infusion might require dramatically less mAb to achieve equivalent efficacy. Although it would be more invasive, direct infusion might be more cost-effective. Furthermore, direct infusion of the mAb might also be used as proof of concept studies in small human trials to establish efficacy with no uncertainty regarding sufficient brain exposure. Two caveats with respect to possible clinical trials of direct infusion studies would be the unknowns regarding how the antibodies distribute in the brain following infusion and how site of infusion might influence that distribution.

![**Comparisons of central nervous system (CNS) monoclonal antibody (mAb) exposure in a static influx model versus a cycling influx and efflux model.** Based on estimates that \~20 μM of amyloid β (Aβ) (\~100 mg) are deposited in the Alzheimer's disease brain, the potential target engagement in each model is shown. The parameters used correspond to human studies using a 400 mg dose of anti-Aβ mAb. A method to estimate exposure based on a trapezoidal method for estimating the area under the curve was used with a theoretical cycling time of 1 hour (complete exchange) and antibody half-life of 21 days. In the cycling model, the estimate of how much Aβ could be targeted in the brain is almost certainly an overestimate as the model does not take into account the efficiency of antibody binding within the brain and the extent to which binding of plasma Aβ or other peripheral sources could decrease the amount of free mAb entering the brain. The issue of how much binding of plasma/peripheral Aβ might decrease free mAb exposure in the brain is complex and will be related to the target epitope and antibody affinity. Given an estimate for the daily turnover of Aβ in plasma of \~50 nmol, if the mAb bound all plasma Aβ produced in a day and the binding was essentially irreversible (as has been observed for several anti-Aβ mAbs), then that binding would be predicted to reduce the exposure of free antibody in the brain by \~50%. BBB, blood-brain barrier.](alzrt233-1){#F1}

The neonatal Fc receptor (FcRn) is a major mediator of immunoglobulin (Ig)G transcytosis and recycling of IgG that is initially taken up by cells through fluid phase endocytosis (reviewed in \[[@B13]\]). Although FcRn has been reported to mediate efflux of IgG from the CNS to the blood \[[@B14]\] and also play a role in IgG assisted clearance of Aβ \[[@B15]\], other data suggest that FcRn and other FcR-mediated mechanisms of efflux may be more complicated \[[@B16]\]. Indeed, studies in FcRn-deficient mice have demonstrated that the brain levels of IgG are similar to wild-type mice following intravenous administration of IgG \[[@B16]\]. Thus, it is clear that additional studies on both antibody influx into and efflux out of the CNS are needed to better understand the mechanism that would regulate antibody exposure in the brain \[[@B13]\]. Other key gaps in our knowledge are whether the mAb influx into the brain from the periphery results in homogenous mAb distribution and whether reported dysfunction of the blood-brain barrier in AD would alter the normal distribution. In this regard, it would be interesting to evaluate whether antibody transport within the brain and efflux from the brain are mediated by the newly described drainage pathway for cerebrospinal fluid \[[@B17]-[@B19]\]. This brain-wide clearance pathway, which has been termed the glymphatic system, has been shown to facilitate clearance of solutes from the brain, with cerebrospinal fluid entering along periarteriolar channels where there is solute exchange with interstitial fluid, and then exiting via para-venous pathways \[[@B18]\]. The glymphatic pathway may also be of interest regarding the potential for redistribution of parenchymal amyloid deposits to the vascular deposits as a result of immunotherapy \[[@B20]\].

How do target epitope and binding affinity influence potential efficacy in humans?
==================================================================================

Another critical unanswered issue is how the Aβ target epitope and binding affinity influence efficacy in humans \[[@B2],[@B21]\]. Based on preclinical studies showing enhanced efficacy of mAbs that bind to Aβ, the vast majority of mAbs that have advanced to trials have been selected to bind both monomeric and aggregated forms of Aβ. In many cases, either simply because of increased avidity, recognition of a conformational epitope, or some combination of these properties, these antibodies often appear to have higher affinity for aggregated Aβ, and, for the most part, are reported to bind near the amino terminus of Aβ \[[@B1]\]. Solanezumab is the exception; it binds the mid-domain of monomeric, but not aggregated, Aβ with extremely high affinity \[[@B22],[@B23]\]. Although, the human data to date are quite limited, in contrast to what might be predicted based on preclinical studies, solanezumab is the only mAb for which there is evidence of a hint of clinical efficacy in phase 3.

As the notion of targeting pathological Aβ aggregates, either fibrils or oligomers, makes a great deal of conceptual sense in terms of both avoiding targeting presumably non-toxic, non-aggregated forms of Aβ that could have some physiological role and also potentially increasing exposure of free mAb to the CNS by avoiding binding of plasma Aβ, the current negative bapinezumab data and suggestive solanezumab data present the field with somewhat of a dilemma. Moreover, the clinical data raise larger questions of whether we really understand how target epitope and affinity can be optimized to enhance efficacy. For example, do we want an Aβ-targeting antibody with extremely high affinity that will bind plaques in the brain and stay bound until degraded? Or do we want an antibody that binds soluble Aβ or soluble Aβ aggregates with modest affinity so that the antibody can carry them to the periphery where they could dissociate and be degraded? Or do we want to target specific modified epitopes of Aβ that are preferentially found in aggregated forms such as pE3-Aβ or nitrosylated forms of Aβ \[[@B24]-[@B27]\]? Unfortunately, given the differences between mouse models of Aβ deposition and the limited data on detailed binding constants that are available for many of the mAbs as well as the lack of comparative binding data \[[@B26]\], these questions may ultimately only be answered by the data that emerge from ongoing human trials, which is a very expensive and inefficient path forward.

In addition to having different biologic activities, binding affinity may skew interpretation of antibody target engagement studies in humans. Antibodies that bind Aβ with high affinity tend to raise plasma Aβ to the greatest extent, probably by preventing the rapid clearance of plasma Aβ, which normally has a half-life of approximately 10 minutes \[[@B3],[@B28]\]. Although some of the mAb-bound Aβ may have come from mAb binding in the brain and then the complex being transported to the plasma, it is challenging to distinguish such brain-derived complexes from complexes that form when the antibody binds Aβ in blood. Furthermore, if an antibody has modest affinity for monomeric Aβ and exhibits a relatively rapid off-rate, then it may be difficult to see engagement of monomeric Aβ as assessed by rise in plasma Aβ; though the antibody binds Aβ, the complex is not stable and thus Aβ will dissociate and be rapidly degraded. In any case, more information on how affinity and other binding properties determine not only clinical efficacy but also Aβ biomarker changes will help us better understand how these anti-Aβ mAbs are acting in humans and what properties are most predictive of various clinical outcomes.

What is the role of antibody effector function?
===============================================

Preclinical studies demonstrate that, depending on the timing of the intervention, antibody effector functions mediated by the Fc region may not be required for efficacy \[[@B3],[@B29]-[@B31]\]. In prevention studies in amyloid precursor protein (APP) mice, recombinant antibodies lacking effector functions can be shown to be effective. In contrast, there is some evidence in therapeutic studies targeting Aβ in mice with pre-existing amyloid deposits that antibody effector functions may facilitate or even be required for reduction of deposited Aβ \[[@B27]\]. Anti-Aβ antibodies likely attenuate amyloid deposition through multiple non-exclusive mechanisms that include direct binding and subsequent export from the brain, inhibition of aggregation (even at substoichiometric levels), and enhancing microglial phagocytosis and degradation. Varying conclusions derived from these and other preclinical studies likely reflect the complex actions that antibodies have on CNS amyloid and how those actions are, in part, determined by the pre-existing amyloid load at the time the treatment is initiated \[[@B2],[@B21]\].

As the Fc regions can bind FcR on immune cells (presumably microglial cells in the brain), it is possible that this engagement enhances Aβ phagocytosis and also elicits signaling that could indirectly enhance Aβ clearance. Again, in humans, there is insufficient data to understand the importance of IgG isotype and effector functions, but preliminary reports suggest that utilization of different IgG isotypes or engineered isotypes may have clinical significance. Indeed, crenezumab, which uses an IgG4 backbone with mutations that reduce affinity for FcR \[[@B32]\], appeared in the initial phase I study to avoid amyloid-related imaging abnormalities (ARIAs) even at higher doses than have been tolerated for other anti-Aβ mAbs. Although on the surface this may seem desirable, if Aβ removal is key this could inadvertently impair clearance by limiting glial activation. For example, in early phase human studies of gantenerumab, a fully human anti-Aβ IgG1, there was evidence that the regions of the brain showing radiographic abnormalities following antibody administration also showed the highest reduction in signal on subsequent amyloid PIB (C^11^-Pittsburgh Compound B) scans \[[@B33],[@B34]\]. Other modifications, such as deglycosylation, that reduce affinity for FcγR and impair ability to bind complement can be shown in mice to reduce potential vascular side effects of anti-Aβ mAbs \[[@B35]\]. However, deglycosylated antibodies that decrease effector function or Fab fragments and single chain antibodies that have no effector functions have not advanced to human studies.

What causes amyloid-related imaging abnormality?
================================================

ARIA is an acronym that refers to both vasogenic edema (ARIA-e) and microhemorrhage (ARIA-H) observed by magnetic resonance imaging (MRI) in patients receiving anti-Aβ immunotherapies \[[@B36]\]. Although cortical microhemorrhage is frequently observed during the natural history of AD and is thought to be in part related to amyloid angiopathy, vasogenic edema is rarely observed; however, passive immunotherapy with select anti-Aβ mAbs (for example, bapinezumab) results in increased ARIAs that appear to be more frequent in *APOE4* carriers and increases in frequency with increasing dose of mAb \[[@B37]\]. In most cases, ARIAs produce no detectable clinical symptoms, but in some cases are associated with acute worsening of cognitive function. Although the prevailing mechanistic theory relates to mobilization of Aβ by the mAb leading to local edema and hemorrhage, no data clearly demonstrate the mechanisms underlying ARIAs. Indeed, it is just as plausible that anti-Aβ mAb engages amyloid in vessels leading to focal immune activation and that the inflammation clears the amyloid indirectly. Given the prevalence of ARIAs in the bapinezumab trial and their clear association with escalating dose, an enhanced understanding of ARIAs is needed. Indeed, given the costs associated with MRI and the dose-limiting effect, ARIAs pose a significant obstacle for development of certain mAbs. Certainly, a better understanding of the mechanism underlying ARIAs would streamline mAb development and perhaps lead to a more optimal immunotherapy.

Why so little news on second generation active vaccines targeting amyloid β?
============================================================================

Three active anti-Aβ vaccines are in phase II trials for AD, but, except for CAD106 (Novartis/Cytos), almost no data have been released regarding their ability to induce anti-Aβ immune responses, avoid side effects observed with the AN-1792 vaccine, and to alter relevant biomarkers \[[@B38]\]. Although a cautious approach is justified given that the vaccines are targeting a self-epitope and thus can induce autoimmune disease, it is puzzling as to why there are so few data, let alone word of mouth insight, regarding how the testing of these vaccine candidates is proceeding. Although most of the second generation anti-Aβ vaccines are designed to maximize humoral anti-Aβ responses and minimize harmful T-cell responses, it should be noted that the mechanism responsible for the meningoencephalitic reaction in a subset of patients receiving the AN1792 vaccine remains uncertain \[[@B39],[@B40]\]. It has been inferred that the likely cause was harmful T-cell response, but the data supporting this inference are only circumstantial. Moreover, given the rather uneven distribution of the apparent clearance of Aβ in the brain in a handful of subjects who had a postmortem brain autopsy, one has to speculate whether T-cell or other cellular immune mechanisms played a role in clearance \[[@B41],[@B42]\]. Indeed, most T-cell-related disease of the brain is patchy in nature, and it is hard to envisage how there could be extensive focal clearance mediated solely by a peripherally produced mAb.

Anti-tau immunotherapy?
=======================

Multiple reports now demonstrate the therapeutic potential of active and passive immunotherapies for tau, at least in terms of ability to reduce pathological tau burden in mouse models (reviewed in \[[@B21],[@B43],[@B44]\]). Coupled with reports demonstrating that tau is secreted and that extracellular pathological forms of tau can induce intracellular tau pathology in culture and in mice, there is a burgeoning effort to move both active and passive tau immunotherapies towards the clinic \[[@B45]-[@B47]\]. Notably, almost all of the gaps in our knowledge regarding CNS exposure, effector functions, and target epitope discussed above with respect to anti-Aβ immunotherapies apply to tau targeted therapies. Furthermore, though many in the field now accept the potential of tau immunotherapy based on the premise that extracellular tau may be the target, as supported by data from a recent study showing antibodies that block spread of tau seeding in culture also effectively attenuate tau pathology *in vivo*\[[@B48]\], additional mechanisms should be considered. For example, neurons do express FcR, and therefore could bind and even internalize mAbs \[[@B49],[@B50]\], and, in contrast to the recent report that supports extracellular targeting of tau as a primary mechanism of tau antibodies \[[@B48]\], another recent report provides further evidence that tau antibodies can enter neurons and target intracellular tau \[[@B51]\]. In addition, a recent study has shown that an intracellular protein called TRIM21, which contains a high-affinity Fc-binding domain, can recognize low levels of antibody bound to cargo, ubiquitinate that cargo, and thereby target it for degradation by the proteosome \[[@B52]\]. Thus, it is possible that these mechanisms, or others that are largely under the radar, may contribute to the efficacy of anti-tau immunotherapies. As with anti-Aβ immunotherapies, it is likely that a better understanding of the mechanism will ultimately result in more efficacious and safer immunotherapy.

What do the failed immunotherapy trials tell us about targeting amyloid β in symptomatic Alzheimer's disease patients?
======================================================================================================================

The amyloid or Aβ aggregate hypothesis only predicts that preventing Aβ aggregation and accumulation in the brain will prevent the development of AD \[[@B53]\]. It does not predict that clearing deposits in symptomatic patients will have clinical benefit. Furthermore, although slowing ongoing deposition or clearing pre-existing deposits in preclinical stages of AD might be predicted to have some clinical benefit, there is a reasonable possibility that Aβ aggregates trigger downstream events that contribute to neurodegeneration that subsequently becomes self-sustaining. If this is the case, then even clearance of Aβ in preclinical AD may have limited efficacy. Studies of postmortem brains from patients previously enrolled in the AN1792 vaccine trial certainly provide some support for the assertion that regional clearance of Aβ is not associated with clinical benefit in patients with AD \[[@B41]\]. In this context, the recent failures of anti-Aβ mAbs to show significant and consistent efficacy are, in fact, likely and not unexpected outcomes.

Another pressing question regarding these trials relates to biologic effects of the mAbs in the brain. Although increased incidence of ARIAs and suggestive evidence that there may be slight reductions in amyloid loads based on serial amyloid scans support target engagement in the brain, the consequences of such engagement are poorly understood \[[@B54]\]. Though practically challenging, efforts to systematically obtain postmortem brains from subjects in these trials would be of major utility for the field. Given the differences between human and mouse brain and the ongoing uncertainties regarding mechanisms of action, rigorous postmortem analyses could provide unique insights into Aβ immunotherapies that might be used to guide future efforts designed to optimize them.

Can we afford suboptimal passive immunotherapies?
=================================================

A final question that relates to public health policy is whether we can afford passive immunotherapy for AD that has limited clinical benefit? Given the likely costs of a biologic therapy and the ancillary testing (for example, amyloid scans and MRIs) that may be required to prescribe and monitor an approved passive immunotherapy, it is highly likely that the yearly costs of passive immunotherapy for AD will exceed \$25,000 to \$30,000. It is unclear whether any country's health system can afford such therapy if it has a very modest effect on disease course. (Indeed, it is not even clear that we can afford it even if it has a more robust clinical effect.) Furthermore, given set-costs associated with manufacture of antibodies in quantities that would be needed to treat a prevalent disease and the uncertain road map for developing less-expensive generic biosimilars, it is unlikely that costs for such therapy would decline in the foreseeable future. This general issue of cost versus benefit of any novel therapy for most diseases is under increasing scrutiny in many countries and decisions whether to pay or not can have huge socioeconomic implications. Clearly, any convincing evidence that a passive immunotherapy had clinical benefit will be welcome news for the field, but given the changing climate the field may be well-served by more openly discussing the issue of whether society can afford this type of therapy, especially if it has only limited clinical benefit.

Conclusions
===========

Despite intensive study for over a decade, many aspects of immunotherapy for AD remain enigmatic. Future studies designed to answer questions raised in this review, such as those relating to mechanism of antibody action and factors regulating CNS antibody exposure, could play major roles in guiding development of more optimal therapies. Given the challenges of developing active vaccines that potentially target self-epitopes and thus could induce autoimmune disease, passive immunotherapies, which appear to be relatively safe and have more certainty regarding target engagement, are clearly ideal ways to move forward to evaluate potential efficacy in AD. Given their expense, however, treatment with passive immunotherapies may not represent an ideal long-term public health solution to the AD epidemic. In contrast, from a public health perspective, vaccines would almost certainly be a cost-effective solution; thus, efforts to develop effective and sufficiently safe vaccines need to be supported.

More generally, there has been a general lack of appreciation for how successful development of AD vaccines and passive immunotherapies could result in a paradigm shift regarding immunotherapies for many CNS disorders. Largely based on the dogma that only a little antibody gets into the brain, until Schenk and colleagues demonstrated the potential utility of this approach in AD animal models \[[@B55],[@B56]\], there was essentially no interest in development of antibody-based therapies against CNS targets. Given the ability to develop immunologic reagents with incredible specificity for a given target, if any form of AD immunotherapy proves efficacious, it is quite possible that in the future we may see antibodies and vaccines used for not only other neurodegenerative disease but even many other neurologic and psychiatric conditions.

Abbreviations
=============

AD: Alzheimer's disease; ARIA: Amyloid-related imaging abnormality; Aβ: Amyloid β; CNS: Central nervous system; FcRn: Neonatal Fc receptor; Ig: Immunoglobulin; mAb: Monoclonal antibody; MRI: Magnetic resonance imaging.

Competing interests
===================

TEG is co-Editor-in-Chief of *Alzheimer's Research & Therapy* and receives an annual honorarium. TEG is an inventor on patents relating to anti-amyloid vaccines and antibodies.
